Introduction
============

Porcine epidemic diarrhoea virus (PEDV), a member of the genus Coronavirus (Family *Coronaviridae*, Order Nidovirales) causes highly contagious diarrhoea in pigs of all ages and is particularly fatal to piglets less than 2 weeks of age ([@bib17], [@bib2]). PEDV is an economically important cause of disease in pigs in Korea, resulting in significant morbidity and mortality in neonatal piglets and increased costs due to vaccination and disinfection ([@bib2], [@bib12], [@bib23]). Although vaccines can be used to prevent PEDV, there are no effective strategies for treatment of affected pigs during PEDV outbreaks.

PEDV infections are characterised by acute destruction of intestinal villous enterocytes and villous atrophy in the jejunum and ileum, producing severe malabsorptive and maldigestive diarrhoea ([@bib17], [@bib13]). Severe intestinal villous atrophy, with 50--60% loss of villi, develops within 3 days in piglets experimentally infected with PEDV ([@bib12], [@bib13]).

The role of growth factors in intestinal mucosal repair has been studied extensively ([@bib16], [@bib24], [@bib18], [@bib19]). Five EGF-like peptides, including EGF, transforming growth factor-α, heparin-binding EGF-like growth factor (HB-EGF), amphiregulin and betacellulin, have been identified in the intestinal lumen ([@bib15], [@bib16], [@bib1]). Among these, EGF acts primarily as a gastrointestinal surveillance peptide involved in mucosal repair ([@bib18], [@bib19]).

Epidermal growth factor (EGF) is secreted in the gastrointestinal tract by salivary glands, duodenal Brunner's glands and ulcer-associated cell lineage (UACL) cells ([@bib1]). EGF binds to a specific receptor expressed on the basolateral surface of enterocytes during mucosal damage and stimulates mitogenic activity ([@bib18], [@bib19]). EGF has positive effects on the recovery of damaged intestinal villi by promoting the proliferation of intestinal crypt epithelial cells ([@bib21], [@bib3]).

The aim of this study was to determine the effects of EGF on atrophic enteritis induced in piglets by PEDV and to assess whether EGF has therapeutic potential for treatment of viral enteritis in piglets.

Materials and methods
=====================

Recombinant human epidermal growth factor
-----------------------------------------

Recombinant human EGF was produced as described previously ([@bib14]) and stored lyophilised at −20 °C. EGF administered to piglets was diluted with sterile saline.

Porcine epidemic diarrhoea virus
--------------------------------

Inoculations were performed with fourth passage tissue culture propagated PEDV strain Dr13, a virulent isolate that causes yellowish watery diarrhoea in piglets within 24 h of oral infection ([@bib22]). The virus was titrated in Vero cells and viral antigen was detected by immunofluorescence using a monoclonal antibody ([@bib11]).

Experimental design
-------------------

Five conventional, colostrum-deprived, 1-day-old, large White-Duroc crossbreed piglets were used from a PEDV-seronegative sow from a herd with no history of PEDV to determine the optimal dose and time schedule for treatment with EGF. The intraperitoneal route was selected to minimise the unpredictable toxicological effects of recombinant proteins on piglets. No adverse effects were detected following daily administration of 10 μg/kg/day EGF for 2--6 days.

Thirty-six conventional, colostrum-deprived, 1-day-old, large White-Duroc crossbreed piglets were obtained from 10 PEDV-seronegative sows from a herd with no history of PEDV and randomly divided into three groups. Twenty-four piglets were inoculated orally with 3 mL of 1 × 10^5^ 50% tissue culture infective doses/mL of PEDV strain Dr13. Twelve PEDV-infected piglets (PEDV + EGF) were treated with 10 μg/kg/day EGF intraperitoneally once daily from 0--4 days after infection. Twelve control piglets were inoculated with uninfected cell culture medium.

Experimental piglets were held in groups of three in isolators at 28.5 °C and fed a commercial sterile milk substitute. Animals were examined three times daily for clinical signs. Three piglets from each group were sacrificed at 24, 36, 48 and 60 h post-infection (hpi) by electrocution after sedation with IV sodium pentobarbital.

Morphometric analysis
---------------------

Three segments of jejunum from each piglet were fixed in 10% neutral buffered formalin, dehydrated in graded ethanol solutions and embedded in paraffin wax for histopathology. Ten villi and 10 crypts were measured in well orientated histological sections. The ratio of villous height:crypt depth (VH:CD) was calculated and values were expressed as means ± standard deviation ([@bib12], [@bib13]). Significant differences in VH:CD between groups of piglets were assessed using Wilcoxon matched pairs test. *P*  \< 0.05 was considered statistically significant.

Immunohistochemistry for Ki67
-----------------------------

Proliferation of intestinal crypt epithelial cells was evaluated by immunohistochemistry for Ki67 ([@bib4]). Antigens were retrieved from formalin-fixed paraffin-embedded tissues by pressure cooking, then were incubated with normal goat serum (Sigma) in phosphate-buffered saline (PBS) for 30 min at room temperature to block non-specific reactivity. Sections were incubated with mouse anti-human Ki67 monoclonal antibody (Dako, 1:200) overnight at 4 °C in a humid chamber. After three washes with PBS, sections were incubated for 1 h at 36 °C with goat anti-mouse IgG (Dako, 1:200) conjugated to alkaline phosphatase. After colorimetric detection with red substrate (Roche Applied Science) for 10 min at room temperature, sections were counterstained with Mayer's haematoxylin.

The Ki67 score (number of positive cells per field under 200× magnification) was evaluated using an image analyser (Image Measurement Standard v4.01, Bersoft). Values were expressed as means ± standard deviation and statistical analysis was performed by analysis of variance (ANOVA) and Student's *t* test.

Results
=======

Clinical signs
--------------

PEDV only piglets exhibited severe watery diarrhoea and intermittent vomiting from 24 to 60 hpi, some exhibited anorexia from 36 to 60 hpi and most had severe dehydration from 48 to 60 hpi. Most PEDV + EGF piglets had moderate diarrhoea from 24 to 36 hpi and severe diarrhoea from 48 to 60 hpi, although some piglets had severe diarrhoea at 24 hpi. Anorexia and dehydration were observed in PEDV + EGF piglets from 36 to 60 hpi. Subjectively, clinical signs were less severe in PEDV + EGF piglets than PEDV only piglets.

Ratio of villous height to crypt depth
--------------------------------------

At 24 hpi, the mean VH:CD of PEDV-infected piglets was similar to that of control piglets, but decreased significantly from 36 to 60 hpi ([Table 1](#tbl1){ref-type="table"} ). The mean VH:CD of PEDV + EGF piglets was significantly higher than that of PEDV only piglets from 36 to 48 hpi (*P*  \< 0.05).Table 1Mean ratio of villous height to crypt depth (VH:CD) in piglets infected with porcine epidemic diarrhoea virus with (PEDV + EGF) or without (PEDV only) epidermal growth factor relative to uninfected piglets (control)GroupHours post-inoculation (hpi)24364860Control6.84 ± 0.536.92 ± 0.786.45 ± 0.846.67  ± 0.66PEDV only6.27 ± 0.913.24 ± 0.543.01 ± 0.362.92 ± 0.30PEDV + EGF6.45 ± 0.745.54 ± 1.20[⁎](#tblfn1){ref-type="table-fn"}3.75 ± 0.43[⁎](#tblfn1){ref-type="table-fn"}3.55 ± 0.55[^1][^2]

Ki67 immunohistochemistry
-------------------------

Ki67 scores peaked at 60 hpi in all piglets infected with PEDV ([Table 2](#tbl2){ref-type="table"} ). At 24 hpi, the Ki67 scores of PEDV + EGF piglets were not significantly different from that of PEDV only piglets. However, from 36 to 60 hpi, the Ki67 scores of PEDV + EGF piglets were significantly higher than PEDV only piglets (*P*  \< 0.05) ([Table 2](#tbl2){ref-type="table"}; [Fig. 1](#fig1){ref-type="fig"} ).Table 2Ki67 score for proliferation of intestinal crypt epithelial cells in piglets infected with porcine epidemic diarrhoea virus with (PEDV + EGF) or without (PEDV only) epidermal growth factor relative to uninfected piglets (control)GroupHours post-inoculation (hpi)24364860Control455 ± 65413 ± 72472 ± 55465 ± 42PEDV only473 ± 521900 ± 1402380 ± 3502896 ± 280PEDV + EGF482 ± 672200 ± 127[⁎](#tblfn2){ref-type="table-fn"}2990 ± 297[⁎](#tblfn2){ref-type="table-fn"}3450 ± 377[⁎](#tblfn2){ref-type="table-fn"}[^3][^4]Fig. 1Immunohistochemistry for Ki67. (A) Jejunum of piglet infected with porcine epidemic diarrhoea virus (PEDV) only without epidermal growth factor (EGF) treatment at 60 h post-inoculation (hpi). Positive (red) staining for Ki67 is present in the cytoplasm of crypt epithelial cells. Haematoxylin counterstain. Bar = 50 μm. (B) Jejunum of PEDV + EGF piglet at 60 hpi. Note the higher frequency of Ki67 positive cells in intestinal crypt than the PEDV only piglet. Haematoxylin counterstain. Bar = 50 μm.

Discussion
==========

EGF exerts positive effects on the recovery of damaged intestinal villi by accelerating the proliferation of crypt epithelial cells ([@bib21], [@bib3]). In our study, immunohistochemistry for Ki67 revealed that mucosal proliferation in the small intestine of PEDV + EGF piglets was significantly enhanced in comparison with PEDV only piglets from 36 to 60 hpi. Similarly, VH:CD of PEDV + EGF piglets were higher than those of PEDV only piglets from 36 to 48 hpi. These findings suggest that EGF stimulates the proliferation of intestinal crypt cells and promotes the recovery of atrophied villi in the small intestine of PEDV-infected piglets.

A variety of growth factors have been used in clinical therapeutics in humans. EGF and fibroblast growth factor are used for skin wound healing, such as in diabetic foot ulcer ([@bib10], [@bib8]). Keratinocyte growth factor (KGF) has been used to assist recovery of damaged mucosa in the alimentary tract following radiation and chemotherapy for cancer ([@bib6], [@bib7]). KGF increases the thickness and cellularity of the intestinal mucosa by accelerating mitotic activity in crypt epithelial cells ([@bib9], [@bib6], [@bib20]). EGF may have a similar mechanism of action to KGF in the small intestine.

Severe intestinal villous atrophy develops within 3 days after experimental infection of piglets with PEDV ([@bib12], [@bib13]), whereas intestinal mucosal damage following radiation or chemotherapy is manifested after 5--10 days ([@bib5]). In our study, EGF was effective in promoting recovery from acute atrophic enteritis within three days after treatment.

Conclusions
===========

This study has shown that EGF enhances proliferation of intestinal crypt epithelial cells and promotes the recovery of damaged villi in piglets infected with PEDV. While treatment with recombinant EGF is currently expensive and requires further toxicological and field studies, we propose EGF as a potential novel therapy to promote intestinal villous recovery in piglets with PEDV infection and possibly other species with viral atrophic enteritis.

[^1]: Values are given as mean ± standard deviation.

[^2]: Significant difference (*P* \< 0.05) in VH:CD between PEDV + EGF and PEDV only piglets.

[^3]: Values are given as mean ± standard deviation.

[^4]: Significant difference (*P* \< 0.05) in Ki67 score between PEDV + EGF and PEDV only piglets.
